Neutral and ionic alkali-metal halide clusters have been widely studied, both experimentally and theoretically. Part of the motivation to study these species is to see if the three-dimensional structures of the crystalline salts are retained in relatively small clusters. Such information can be derived from mass spectrometry through the observation of anomalously intense peaks (so-called magic number features). Several methods have been used to produce alkali-metal halide cluster ions in the gas phase, including sputtering,\[[@b1]\] laser ablation,\[[@b2]\] electrospray,\[[@b3]\] and ion--molecule reactions in a flowing afterglow.\[[@b4]\] The general finding, whether detecting cations or anions, is that enhanced signal intensity is seen for cluster ions (magic-number ions) of composition consistent with one or more complete unit cells. On these grounds it is reasonable to suppose that the cluster ions adopt structures based on the normal crystalline structure of the extended solid.

Herein we show that it is possible to form alkali-metal halide clusters by reactions between clusters of sodium and SF~6~ in liquid helium nanodroplets. The low intrinsic temperature (ca. 0.4 K) and the rapid cooling of dopants in these droplets,\[[@b5]\] which is assisted by the high thermal conductivity of superfluid helium, should inhibit chemical reactions. However, reaction between sodium and SF~6~ can be triggered by electron impact on the droplet, leading to a rich range of cationic and anionic salt clusters. Particularly surprising is that self-assembly into structures based on the unit cell of NaF occurs even when the chemistry is initiated inside a liquid helium nanodroplet.

The two reagents were added separately to the helium droplets, with sodium vapor coming from an oven containing solid sodium while the SF~6~ was supplied from a gas cylinder. SF~6~ was added to the first pick-up cell and sodium vapor to the second pick-up cell. The partial pressures of the dopants were set so that the most probable process was pick-up of a relatively small number of dopant atoms/molecules. However, the statistical nature of the pick-up process means that, in practice, clusters spanning a relatively wide range of sizes were generated. Reaction products derived from electron injection into the droplets were detected in the gas phase using mass spectrometry.

The major cationic products can be divided into two types: (NaF)~*n*~Na^+^ and (NaF)~*n*~(Na~2~S)~*m*~Na^+^. By way of contrast the stoichiometric (NaF)~*n*~^+^ cluster ions are more than an order of magnitude less abundant than the (NaF)~*n*~Na^+^ ions. A small quantity of (NaF)~*n*~Na^+^ ions with added helium atoms were also observed, as can be seen in Figure [1](#fig01){ref-type="fig"}. The survival of these adduct ions suggests that at least some of the cluster ions produced are ultimately cold enough to retain one or more helium atoms.

![A section of the cation mass spectrum obtained from electron-induced reactions between Na~*n*~ and (SF~6~)~*m*~ clusters. This mass spectrum was recorded at an electron energy of 100 eV.](anie0053-13528-f1){#fig01}

The upper trace of Figure [2](#fig02){ref-type="fig"} summarizes the measured abundance of (NaF)~*n*~Na^+^ as a function of 2 *n*+1, the number of atoms in the cluster ion. A relatively smooth decline is seen in the ion signal as *n* increases, which reflects the fact that the experimental conditions were chosen to bias the maximum pick-up probability to a relatively small number of dopant atoms/molecules, as mentioned earlier. This smooth decline is punctuated by clear magic number peaks corresponding to *n*=4, 13, 22, and 37. These magic number ions are well-known from earlier studies in the gas phase\[[@b6]\] and those at *n*=13, 22 and 37 correspond to structures consisting of one, two, and four complete units cells of sodium fluoride, which are especially stable because they maximize the attractive Coulombic interactions between the constituent ions. The ions at *n*=31, which correspond to a cluster composed of three complete unit cells, show a marginal increase in abundance against the downward trend but do not show obvious magic character. Calculations have shown that the most stable structure of the *n*=4 cluster is a non-planar 3×3×1 sheet with an Na^+^ ion at the center.\[[@b7]--[@b9]\]

![Abundance plots for the major cationic (upper trace) and anionic (lower traces) products. The labels *x*×*y*×*z* refer to the number of ions located along Cartesian coordinates, for example, 3×3×3 refers to the cubic unit cell of sodium fluoride.](anie0053-13528-f2){#fig02}

Also seen are cations which incorporate the sulfur from SF~6~, namely (NaF)~*n*~(Na~2~S)~*m*~Na^+^, with *m*≤4. One possibility is that these ions contain SF~*x*~ remnants from incomplete reaction of SF~6~ with Na~*n*~. However, the very specific stoichiometries observed suggest complete reaction, leading to a mixed salt containing both Na~2~S and NaF units, which is unknown in the solid state. Magic numbers can be seen for these ions but there is no obvious pattern and we are unable to extract meaningful structural information from these enhanced peaks at the present time.

In addition to cations, anionic salt clusters were also observed. (NaF)~*n*~^−^ ions were minor products, being some two orders of magnitude less abundant than the main anions seen, (NaF)~*n*~F^−^ and (NaF)~*n*~S^−^. The lower trace in Figure [2](#fig02){ref-type="fig"} summarizes the relative abundances of (NaF)~*n*~F^−^ and (NaF)~*n*~S^−^ as a function of 2 *n*+1. Although there are differences in the overall shapes of the ion distribution curves, the magic numbers match those seen for the (NaF)~*n*~Na^+^ cations. For (NaF)~*n*~F^−^ this is expected from earlier work\[[@b4],[@b10]\] and is consistent with geometric rather than electronic structure being the key for determining the most stable ions. For (NaF)~*n*~S^−^, which has not been detected previously, it would seem reasonable to assume that sulfur is present as S^−^ rather than S^2−^ and merely substitutes directly for the F^−^, leading to the same structural behavior. In fact DFT calculations on (NaF)~*n*~S^−^ clusters confirm this assumption and full details will be presented in a subsequent publication.

Figure [3](#fig03){ref-type="fig"} shows the dependence of the signal on the electron energy for two illustrative cations and anions, (NaF)~4~Na^+^ and (NaF)~4~F^−^, along with the signal recorded for the He~9~^+^ cluster ion. Similar curves are obtained for other comparable ions and these provide information on how the charged salt clusters are formed in the helium droplets. Cations can be made either by Penning ionization,\[[@b11]\] which involves collision of a dopant with a metastable electronically excited helium atom (threshold 19.8 eV in the gas phase owing to production of the 2 ^3^S~1~ metastable state of helium, which we write in shorthand notation as He\*) or by charge transfer from He^+^,\[[@b12]--[@b15]\] where the He^+^ has an energy onset of approximately 24.6 eV corresponding to the first ionization energy of a helium atom. The shape of the ion yield curve for (NaF)~4~Na^+^ in Figure [3](#fig03){ref-type="fig"} shows that both mechanisms occur: the low energy rise is derived solely from Penning ionization and after a short plateau charge transfer from He^+^ begins and the ion yield curve starts to resemble that seen for helium cluster cations, such as He~9~^+^.

![Signal level as a function of electron energy for (NaF)~4~F^−^, (NaF)~4~Na^+^, He~9~^+^, and He^−^. Note that the signals for (NaF)~4~F^−^, He~9~^+^, and He^−^ are expanded vertically relative to that of (NaF)~4~Na^+^.](anie0053-13528-f3){#fig03}

The anion curve shows a resonance with an onset near 20 eV and which peaks at approximately 22 eV. This is consistent with a mechanism for anion formation initiated by He\*. Note that the peak is broad and asymmetric on the high energy side, presumably owing to contributions from other metastable electronically excited states of helium above the 2 ^3^S~1~ state. However, there is no obvious way that neutral He\* can generate anionic products. Instead, the production of anions represented in Figure [3](#fig03){ref-type="fig"} is presumed to derive from electron transfer from He^−^, whose production requires nearly the same energy as the formation of He\*. He^−^ has only recently been identified as a product from electron impact of helium droplets.\[[@b16]\] Although atomic helium has a negative electron affinity in its ground state and therefore cannot bind an electron, excitation to the 2 ^3^S~1~ metastable state creates a far more polarizable entity with a small positive electron affinity, with the outermost electron bound to He\* by 77 meV.\[[@b17]\] Recent work has shown that He^−^ is a highly mobile electron donor within a helium droplet.\[[@b16],[@b18]\] The ion yield curve for (NaF)~4~F^−^ matches that of He^−^ (which is also shown in Figure [3](#fig03){ref-type="fig"}) very closely and we conclude that He^−^ is the dominant source of anions in the current study. The anion peaks occur at approximately 22 rather than 20 eV because additional energy is required for an electron to enter a helium droplet.\[[@b19]\]

Also observed, but not shown in Figure [3](#fig03){ref-type="fig"}, is a second anion resonance with a maximum near 2 eV and which is more than an order of magnitude weaker than the 22 eV feature. The 2 eV resonance is assigned to dissociative electron attachment to SF~6~, producing SF~5~^−^+F. This process occurs at 0.2 eV in the gas phase\[[@b20],[@b21]\] but, like the He\* production, is shifted to higher energy in liquid helium. The SF~5~^−^ ion must undergo reaction with Na~*n*~ and the subsequent chemistry is driven by the exothermicity of salt formation, leading to species such as (NaF)~4~F^−^.

In contrast to a study of Cs~*n*~ clusters with (H~2~O)~*m*~ clusters in helium droplets, where evidence was presented for an essentially barrierless reaction of the neutral reagents,\[[@b22]\] we believe that no reaction occurs between Na~*n*~ and (SF~6~)~*m*~ in helium nanodroplets prior to electron addition. Our reasoning is as follows. First, an activation barrier of 250 meV is known for the Na+SF~6~→NaF+SF~5~ reaction in the gas phase\[[@b23]\] which will be insurmountable at 0.4 K without an additional source of energy. Second, any reaction between Na~*n*~ and (SF~6~)~*m*~ will be highly exothermic and requires the dissipation of many eV of excess energy. Under these conditions neutral reaction products are likely to be ejected into the gas phase, which would then show ion-yield curves characteristic of the isolated neutral products. However, there is no evidence for ejected neutral products from the ion-yield data. The high reaction exothermicity might even generate ionic reaction products, but none were detected when the electron filament was turned off. Finally, the salt anion resonances match those of SF~6~ (very weak) and He\*, whereas very different anion yield curves would be expected for direct electron attachment to neutral salt clusters. This combination of reasons provides strong evidence in favor of electron-initiated chemistry.

SF~6~ is known to reside inside helium droplets.\[[@b12],[@b24]\] On the other hand alkali-metal atoms and small alkali-metal clusters sit in a dimple on the surface of a helium droplet because the repulsive interaction between the dopant and the helium is too large to allow an interior location.\[[@b25]\] We have shown elsewhere that once Na~*n*~ clusters reach a threshold size (*n*≥22) the clusters can now move inside a helium droplet.\[[@b26]\] When both (SF~6~)~*m*~ and Na~*n*~ clusters are combined in a helium droplet the substantial polarizability of SF~6~ will create an attractive (dispersive) interaction with Na~*n*~. We therefore anticipate that clusters smaller than Na~22~ will now relocate to the droplet interior when (SF~6~)~*m*~ is also present and, although we have no specific evidence, this may even occur for atomic sodium. Thus, instead of segregated reagents which come into contact after electron impact, the likelihood is that the two reagents are directly in contact and frozen in place prior to the electron entering the droplet.

In summary, this study has shown that salt clusters can be formed by chemistry initiated by electron impact on helium droplets containing Na~*n*~ and (SF~6~)~*m*~. Mass spectra reveal that the product cations and anions self-assemble into the classic face-centered cubic structure of alkali-metal halide solids, with clusters based on complete unit cells showing added stability. An important observation is that the dominant source of anions is reaction with metastable He^−^. We anticipate that this mobile charge carrier will be a rich source of anion chemistry in helium nanodroplets.

Experimental Section
====================

Helium nanodroplets were produced by expanding high-purity helium gas at a stagnation pressure of 20 bar and a temperature of 9.4 K through a 5 μm pinhole into a vacuum. Under these conditions the average number of helium atoms per droplet was ca. 10^5^. After being skimmed to form a collimated beam the droplets passed through two consecutive pick-up cells, the first of which was used to add SF~6~ (Ausimont, 99.9 % purity) and the second to add sodium atoms (Sigma Aldrich, 99.9 %). The sodium was generated by evaporation of the corresponding solid at a temperature of 120 °C. After dopant pick-up the droplets entered another differentially pumped chamber and were exposed to an electron beam of variable energy (0---150 eV). Any ions produced were then extracted into a commercial (Tofwerk) time-of-flight (ToF) mass spectrometer with a mass resolution of ca. 5000 for positive ions and 2000 for negative ions.
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